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The wind-diesel hybrid system is the combination of wind turbines and diesel generators to generate 
power regardless of the irregular wind resource. 
In this paper, the modular simulation tool ‘Microsoft Excel’ has been developed to simulate different 
scenarios of operation for the hybrid system. This is done by making energy balance calculations on 
an hourly basis, for each of the 8760 hours in a year, before defining the different components for 
every scenario. The main modules of the simulator include a wind turbine, loads and diesel 
generators. By examining the case studies, the most beneficial approach for improving the Excel 
spread sheet seems to be through the introduction of further power analysis methods, so as to gain a 
better understanding of the system. Using this tool, a designer can develop better control strategies to 
balance system power flows under various generation conditions.  
The case studies, chosen as a means to appropriately compare the hybrid system’s energy analysis 
with and without further power analysis tools, have been categorised into two cases. For the first case, 
the energy analysis is completely based on hourly data both with and without wind speed standard 
deviation data while the second case involves power analysis on a higher resolution by using 10 
minute data with hourly averaged data from 10 minute data. Statistical methods are also utilised in 
investigating the case studies where the standard deviation is included. This paper analyse the 
differences between the wind energy generated in both the cases and gets completed by observing that 
standard deviation doesn’t have much effect on the wind energy output. Additionally, the use of 
higher resolution data; i.e. 10 minutes data, has proved to be more favourable as it generates more 
precise energy output via various power analysis methods.  
Finally, the factors affecting the economics of the system have been studied, which includes the cost 
of wind turbines, diesel generators and their operation & maintenance costs- the most important costs.  
This thesis project has investigated many ideas in the development of the system. Further 
developments, are suggested to continue to improve the system.  
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Chapter 1. Introduction 
 
Hybrid power systems are the combination of conventional and renewable power conversion systems, 
which can be the best solution for feeding the mini-grids and isolated loads in remote areas. Properly 
chosen renewable power sources will considerably reduce the use of fossil fuel’s leading to an 
increase in the sustainability of the power supply. At the same time, conventional power sources aid 
the renewable sources in varying environmental conditions, which improve the reliability of the 
electrical system.  
Over recent past years, hybrid technology has been developed and upgraded in terms of its role in 
renewable energy sources. Hence, the benefits it introduces, pertaining to power production, cannot be 
ignored and have to be considered. 
In comparison with the renewable systems alone, there are more benefits which can be attained from 
hybrid systems as compared to the renewable system only. Currently, many people in rural as well as 
in urban areas prefer hybrid systems in comparison to the renewable systems only.  
This project mainly focuses on the wind-diesel hybrid system i.e. the combination of two sources of 
energy (renewable and conventional). As mentioned earlier, hybrid systems are more reliable 
electricity supply than the renewable (wind) system alone, because the availability of renewable 
sources is not consistent.  
In this project, the aim is the refinement of a simulation tool in representing the operation of an 
existing wind-diesel system. 
The wind data sets used in this project are: wind data with standard deviation, wind data without 
standard deviation and higher resolution (10 minute) wind data. Two cases have been defined for 
further energy investigation. Case 1 involves the analysis of hourly data with standard deviation and 
hourly data without standard deviation for a year; whereas, Case 2 deals with 10 minutes wind data 
and hourly data averaged from 10 minute data for 2 months.  
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The simulation tool developed in this thesis is used to simulate the operation of wind-diesel system by 
performing certain energy balance calculations for every hour in a year and then choosing the 
appropriate sizes of the different components in the system. 
This thesis also looks into the economics of the wind-diesel system as this is one of the important 
factors in deciding the feasibility of a project. When studying the economics of wind-diesel systems, 
there are certain significant factors that need to be considered, such as location of the system, 
efficiency, reliability and etc. After assessing the economics, the simulation tool has been updated for 
the government’s rates, taxes and any future developments. 
Subsequently, the performance of a system is compared using a software package (HOMER) to the 
results obtained from the simulation tool used in this project (Excel spread sheet).  
Chapter 1 mainly focuses on the introduction of the thesis project.  
Chapter 2 indicates all the software packages which have been used during the thesis project. 
In Chapter 3, there is a general description of the wind- diesel hybrid system such as its components, 
features and technologies which are used in the operation of the system.  
Also in Chapter 4, the simulation tool i.e.  Microsoft Excel software programming package, which is 
used to make the energy analysis, has been described systematically. Whereas Chapter 5, introduces 
the different economic figures used to compare the different scenarios and also outlines the different 
costs of the components which are used in making the system.  
 Chapter 6 and 7 deals with the simulation tool “Microsoft Excel” spread sheet in analysing and 
discussing the results of the wind energy generated in the defined cases. The first step in the 
comparison is to model the system appropriately with different data sets defined.  To appropriately 
analyse different scenarios of the hybrid system, and then to choose the optimal one, an evaluation 
based on economic analysis has be done.  
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 Chapter 8 in this thesis introduces different ways to analyse the economics and discuss the main 
factors which affects the economics of wind-diesel system.  
The software which are used in this project are briefly described in Chapter 8 and general conclusions 
and recommendations concerning results of the simulation are introduced and presented in chapter 9 
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Chapter 2. Simulation Software used 
 
During the thesis, three software programs were developed to simulate the hybrid system. An hourly 
time step and 10 minutes time step are used through these simulations. The simulation tools which are 
developed during the thesis have assumed the power system components to be 100% reliable i.e. no 
interruption has occurred while the system is in operation. The tool is designed in a way that the 
variables of the system can be changed accordingly. Also, by comparing the performance and the 
energy production by the systems modelled in the simulation programs, optimal system configurations 
can be determined. 
 
For the thesis, following tools were used: 
2.1 Microsoft Excel  
 
 Due to its availability and reliability, ‘Microsoft Excel’ was chosen to be the main simulation tool 
where all the input variables and parameters (Load demand, measured wind speeds averaged on hour 
and 10 minutes basis over a year and 2 months respectively, height of WT tower, rated power of WT, 
cut-in speed, cut-out speed of the WT) were recorded. Then, the outputs from the simulation program 
(energy production, and fuel consumption) were also obtained from the ‘Excel’ spread sheet.  
2.2 Visual Basic Application  
 
Visual Basic Application (VBA) is a built-in program in Microsoft Excel. When a required 
calculation cannot be completed by built-in Excel functions, VBA can be used to achieve the results, 
either through the creation of routines or functions in Excel. The use of VBA is preferred in the thesis, 
specifically because without it, it would be cumbersome to define the minimum run time for DG as 
well as interlinking it with the equations in Excel (1). (For the use of VBA, see APPENDIX C) 
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2.3 MATLAB  
 
 “MATLAB is a high-level language and interactive environment for numerical computation, 
visualization, and programming.” (2) . In this thesis, MATLAB was used in the generation of 3-D 
graphs that provides a more comprehensible representation of the relationship between S.D (m/s), 
Difference between wind energy outputs (kWh) and wind speed (m/s).   
2.4 HOMER  
 
HOMER (Hybrid Optimization Model for Electric Renewable) is a software application that models 
hybrid power systems to determine if a micro power system can supply a particular load and how 
much the system will cost to install and maintain for the life of the project. HOMER is a unique 
software program that enables a user to design a power system in order to supply a load and model it 
in a specific location over the course of an average year. This allows the user to quickly determine the 
most efficient power system configuration for a given load. The ability to design, test and optimize a 
system is based on user-defined constraints, makes HOMER a useful tool. 
HOMER is a software modelling application that works in three parts: simulation, optimization, and 
sensitivity analysis. HOMER is particularly useful because of its capacity to model complex systems 
using a variety of power generation techniques including but not limited to, diesel, solar, wind, hydro 
and biomass. When conducting a simulation, HOMER will analyse a system each hour of a year to 
determine its technical feasibility. It then generates life cycle cost estimates for that system. When 
optimizing a system, HOMER seeks to determine the most cost effective system arrangement by 
scaling the various components in the system. The third process is sensitivity analysis, in which 
HOMER determines the robustness of the optimized system in response to changing variables that are 




12 | P a g e  
 
Chapter 3. Simulation Description 
 
3.1 Overview of Wind-Diesel Systems  
 
The provision of electricity can be realized either through the extension of the pre-existing power grid 
or through the introduction of alternative power sources such as diesel generators. The latter option 
becomes more pertinent when dealing with electricity demands in remote and lowly populated areas. 
Firstly, this is because the distance between the overall power grid and the demand location can 
sometimes be too large to supply electric power via the use of transmission lines. Secondly, more 
often than not, connecting a remote power system via a transmission grid, while providing high 
quality electric power, the interconnection of two or more isolated systems can escalate the ‘economy 
of scale’ in supplying electrical services and natural features barriers. However, as the main 
consideration is that of total cost, i.e. “Is it too costly to use transmission grids?” the use of 
alternative/conventional power sources, in particular diesel generators may be a more viable option 
for generating and supplying electricity in remote areas. However, operating diesel systems is not 
easy, as sometimes it is harder to find the available parts, labour for the maintenance and to meet the 
load requirements in an efficient way, mainly as the fuel required for the generator is expensive.  
In order to reduce the maintenance cost of the diesel generator system, various sustainable 
options/technologies can be added to generate a portion of the power thereby reducing consumption 
of fuel. Additionally, the inclusion of these options/technologies enables the system to be more eco-
friendly and long-lasting. 
Sustainable options i.e. PV, wind, hydro, thermal technology depend on the availability of the energy 
source. Hence to manage this, the hybrid system (in this case Renewable +Conventional) 
encompasses the various elements of power generation such as production, system control, and 
storage.  Specifically, the wind-diesel hybrid system is the combination of one or more wind turbines 
with one or more diesel generators to continuously produce high quality electric power regardless of 
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the intermittent behaviour of the wind resource. The size of the hybrid system can be increased or 
decreased depending upon the size of the variable loads. 
The power generated by wind turbine(s) minimises the fuel consumption cost of the generator by 
producing high quality electric power. As the generation from wind is variable, the diesel generator 
provides the power, when needed by using the energy stored in the diesel fuel.  
The simplest definition of a wind-diesel system, as mentioned in Figure 1 is mentioned earlier, 
however for this report, the following description has been used: “A wind diesel system is one in 
which the wind energy penetration is sufficiently high to require special control strategies to be 
adopted to maintain the continuity and quality of the supply.”  (4)  
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The following are the required inputs for the wind-diesel system: 
3.1.1 Input of the wind 
 
The energy production of the sustainable technologies, e.g. wind generation within a diesel generator 
system will always have consequences in the designing of the system, the economics and also in the 
operation of the system. This is why, instantaneous penetration and average penetration are important 
quantities as described below: 
“Average penetration” (5) - It is the ratio of the energy produced by the wind to the primary energy 
demand i.e.  
                            
                          
                          
 
Equation 1 
 Average penetration (average energy contribution) is an important factor in assessing the economics 
of the system i.e. the reduction in fuel costs. 
“Instantaneous penetration” (5) - It is the fraction of power output supplied by wind compared with 
the primary electrical load i.e. 
                                  
                     
                 
 
Equation 2 
 The system complexity and the control of power levels is linked to Instantaneous penetration (wind 
power contribution). From Equation 2, it can be seen that when wind power output increases, the 
instantaneous penetration level is increased. Precaution is essential in this situation to avoid operating 
the diesel generator(s) at unacceptable low loads. (6) 
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To understand the wind contribution in wind-diesel systems, besides the system characteristics, power 
and the control requirements, they have been categorized into three levels i.e. low, medium and high 
penetration systems. 
Low-Penetration Systems 
Low-penetration systems comprise of various sizes of isolated grids, from small to relatively large. 
Grids, which appear to be of large scale and typically built in areas around the United States of 
America and Europe, have that amount of wind power penetration which makes them fall into the 
Low-penetration systems. The wind turbines in Low-penetration types of systems, work as an extra 
generator without any special arrangements.  
This type of generation level does not require complicated control technologies, considering the 
flexibility and speed of modern wind farms. The majority of these wind farm systems don't require 
automated power control as the wind turbines are operated by their existing controllers, with all the 
system functions being monitored by an operator.  
Diesel engines are designed to operate with rapidly fluctuating loads; therefore the addition of wind 
turbines does not have a significant impact on the hybrid operation of the diesel generator(s), as they 
can operate to supply the difference between the load and the wind power.  
Spinning reserve is defined as the availability of additional instantaneous supply to meet rapid 
increases in load. Diesel engines can be designed to accommodate problems that can arise when using 
their spinning reserve to meet load increases. This can be done by selecting diesel engines that can 
operate at (say) 125% rated power for short intervals until additional load is supplied by bringing 
extra diesel generator(s) into service. (7) 
Medium-Penetration Systems 
Medium-penetration systems have larger ratios of wind power. Typically, these systems have multiple 
diesel generator(s). Diesel generator(s) are operating to well behaviour their full capacity if the wind 
penetration is above 50% rated capacity. This may result in a diesel generator being tuned off. 
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Medium-penetration systems can benefit from operating with multiple sized generators. When wind 
penetration is above 50% rated capacity, the smaller generators can be turned on and be operating in 
their efficient zone; creating a more economically viable solution. 
High wind penetration can make system voltage regulation difficult. Components assisting with 
power quality are required to be maintained constantly. Other options for appropriate power control 
include the following: 
 Reduce Power capabilities in the controller of the wind turbines 
 Include a secondary load for restricting the amount of energy generated by the wind turbines 
 Installing capacitor banks to correct the power factor 
Spinning reserve analysis varies on a case-by-case basis, since system commitments and power levels 
are important factors to be considered. Modern diesel generators are fuel-injected and are capable of 
fast starts and handling of low loads, controlling or reducing the amount of load shedding that can 
occur. 
 
Medium-penetration systems require power control methods which are comparatively simple, by 
combining the usage of speed variation or advanced-power conditioning, which is embedded in 
modern wind turbines. The capability of these systems to generate high power quality has been 
present for decades around the world. (7) 
High-Penetration Systems 
Wind-diesel systems with High-penetration are commonly used on a commercial basis. This involves 
systems that require higher level of wind penetration utilising, advanced control and complex 
technologies. High-penetration systems also involve the usage of ancillary equipment, especially for 
systems with high wind generation capacities that range up to 300% of the average power 
requirements. High wind penetration systems enable diesel engines to be shut down completely when 
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the wind generation capacity exceeds the load. To maintain power quality in high penetration systems, 
any extra power generated is used to supply secondary loads or is directed into storage such as 
batteries for use as spinning reserve.  Although commercially used, these forms of wind-diesel 
systems do not fall under the mature forms of energy production and have not been used in systems 
requiring more than 200kW average load. (7) 
Storage in High-penetration wind applications 
Installing storage to the grid functions as a substitute for the short term fluctuations in energy which 
may be present in wind generation. Whenever this occurs, the battery banks or other storage devices 
will supply the required energy. If the shortage of wind penetration is prolonged and storage is 
depleted, diesel generation starts and supplies the load.  
In many cases, shortfalls of wind generation are often of limited duration. Storage devices are 
adequately sized (capacity equal to the smallest generator), with the capacity of operating the plant for 
15 minutes. This usually is sufficient to meet the required supply, eliminating the need for diesel 
generators to start.  
Factors such as wind resource, costs of components, capacity and power response time and the 
required load also determines the size of storage systems required or the site. It is necessary to select 
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Table 1 provides a summary of the three penetration classes discussed above. 
Table 1  - Penetration Contribution of Wind-diesel system [Based from  (5)] 
 
3.1.2 Power Control 
 As discussed above, when there is not enough wind resource i.e. power production by wind turbine(s) 
gets lower, diesel generator(s) comes into action. Whereas, when the wind speed gets higher, 
production of the diesel generator(s) gets minimised as wind turbine(s) produce all the required 
power. In these circumstances, the generator(s) usually give output as per minimum load, which is set 
by the generator specification and the excess power produced is sent to the controllable load or the 
power generated by the wind turbine can be minimised .However, in some cases the generator(s) shuts 
down when not in use but this may cause brownout in the power output, fluctuates the frequency 
deviations and this may lead to the whole power grid in danger. (5) 
 
 





Low  Diesel(s) run full time 
 Wind power reduces net load on 
diesel 
 All wind energy goes to primary 
load 
 No supervisory control system 
< 50 % <20 % 
Medium  Diesel(s) run full-time 
 At high wind power levels, 
secondary loads dispatched to 
ensure sufficient diesel loading or 
wind generation is curtailed 
 Requires relatively simple control 
 
50 % -100% 20%-50% 
High  Diesel(s) may be shut down 
during high wind availability  
 Auxiliary components required to 
regulate voltage and frequency 
 Requires sophisticated control 
system 
100%-100% 50%-150% 
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3.1.3 Wind Turbine 
In order to operate with diesel generators, the wind turbines are chosen very carefully. Not only the 
electrical characteristics (frequency voltage, power curve) but also the physical i.e. size, costs 
characteristics must be studied carefully before its selection to operate in parallel with the diesel 
generators. (5)  
3.1.4 Diesel Engine 
By now, it is evident that the combination of diesel generator/s with the wind turbine/s will change 
according to the wind penetration levels. When the wind penetration level is higher, then the fuel 
consumption decreases due to the generator/s decreased power production. Hence, to save fuel it is 
recommended to shut down diesel generator(s) but, as mentioned in section “Power Control”, this can 
cause the power grid to collapse. (5) 
3.1.5 Load 
 Load is the total summation of every single load which changes due to various circumstances. 
Therefore, it is innately dependent on time. Moreover, the system’s efficiency also depends upon the 
nature of the load at the specific site. 
Traditionally, load remains relatively constant but when there is higher wind contribution, ultimately 
there will be an excess of wind power available. The excess wind energy that is not utilized by the 
loads and this loss of energy is commonly known as surplus energy. Rather than spilling the excess 
wind energy by pitching the wind turbine blades or using a dump load, the surplus energy can be used 
to fulfil the other requirements including water heating, pumping, purification etc. According to 
Thomas Ackerman, these loads can be classified into two main types:  
 OPTIONAL LOADS - These loads are mainly met by using additional energy sources but 
can meet the required loads anytime when excess power is available. After being in operation 
for a longer period, optional loads have maximum total power potential. (5)  
An example of optional loads is the prior heating of the fuel oil and later on to be used in the 
D.G. during winters. (8) 
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 DEFERRABLE LOADS- Typically these loads are also met by using additional energy 
sources and have a level of essential storage but, the required load should be met over a 
certain period of time. These loads have fixed power draw and a total energy requirement. 
(5) .  
For example water pumping for a water storage tank at the certain period of time. This is 
deferrable load because each load of essential storage allows some flexibility in the system. 
(3) (8) 
 
Currently, conventional sources of energy are combined with renewable sources of energy, in order to 
generate reliable power at lower cost and with lower CO2 (Carbon Dioxide) emissions. A system can 
also be wholly renewable energy based but there is problem of reliability. For example, in the wind 
only system, when there is low or no wind resource, the system won’t be able to produce any power. 
A hybrid system can use wind, solar PV and Diesel generator (DG) as a backup system plus a battery 
storage system to meet the requirements of the load, whilst minimizing the costs, maximizing the 
power output of the renewable sources and making sure the DG is being operated efficiently. Also, 
reduce the environment pollution emissions from DG if it is used as a standalone power supply. (5)           
 
 
3.1.6 Energy Storage System 
 
 There are several types of energy storage technologies currently in existence i.e. from battery storage 
to flywheel. 
 Battery storage – Batteries are the basic elements which can be used for the storage 
purposes. When there is surplus power, rectifiers are used to charge the batteries. Even though 
batteries operate at D.C current, but for the use in the WDS (Wind-diesel system), a battery 
storage system needs an interface to the A.C part of the system. These interfaces mainly 
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consist of rectifiers, transformers and inverters. The batteries allows the use of some power 
that otherwise would be dumped. Due to the reliability, flexibility, and long life expectancy, 
Battery storage systems are used world-wide. (4) 
 
 Flywheel –A flywheel is connected to the generator which is connected to an AC grid via a 
converter variable AC-DC-AC, it is identical to the system with no storage. During the 
scenarios when there is excess wind power, the diesel is halted for a while and is disconnected 
from the generator. The flywheel’s rotating inertia compensates for the power fluctuations 
from the WT and can also be used during the start-up of the diesel system. In the system, the 
flywheel storage capacity ranges from between few seconds or few minutes when operated at 
the rated power. (4)  
The system which is the main focus of this thesis is a wind-diesel system with no energy storage. In 
simpler words, when there is surplus power generated from the wind turbine, it may be shunted to a 
dump load or the wind turbine is power limited by pitching the rotor blades to spill some energy. 
Also, it should be noted that the diesel generator(s) are not all allowed shutting down.  
E.g.: Bremer Bay Wind-Diesel Power Station. This system consists of 4 Diesel Generators of 
320kW and 1 Enercon E-40 Wind turbine of 600 kW to produce 1.3 MW. Sufficient diesel 
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3.2 Why use Wind-Diesel System? 
 
Wind is a totally clean and primary source of energy. But, due to the lack of consistent wind 
resources, a ‘wind’ only system is not considered to be feasible. Whereas, a diesel only system, 
due to the expensive fuel cost and fuel transportation costs and other services, is also not 
recommended where there is a good wind regimes. Therefore, to minimize the operating costs and 
decreasing the environmental impacts, a wind-diesel system (WDS) is preferred. WT can generate 
power which would minimise the loading of the conventional DGs. Furthermore, LGC are created 
(Large-Scale Generation Certificate) which are currently valued at $38.69 per 1 MWh of 
renewable electricity. (10) 
[[ explain the benefits of LGCs…who do they benefit]] 
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Chapter 4. About the Existing Excel Spread Sheet 
 
The existing spread sheet which is being refined was originally developed by Craig Carter. The 
‘Excel’ spread sheet is designed to model a wind-diesel system (WDS) and the main purpose of the 
spread sheet is to give better input knowledge of how a proposed WDS would operate. It is created in 
“Microsoft Excel” as it is easy to update, maintain and understand. Moreover, it can be easily 
accessible to everyone as it doesn’t need special software else to be installed in your computer. 
When one design variable is changed, the effect can be instantly seen on other variables. Excel spread 
sheets organises the large amounts of data easily and for better understanding, graphs and charts can 
be easily produced. Excel spread sheet have been chosen particularly as most people are familiar with 
it and therefore with the results. Each step of calculations and the formulae within each cell can also 
be seen.  
Given below are the salient features of the spread sheet which can be seen in Figure 30,Figure 31 and 
Figure 32 in Appendix A: 
Date - The dates of the recorded wind data and also the load data are given here. 
Time - Time defines the duration at which the wind data and load data are recorded.  
Average loads (kW) - These are the load data collected for the given duration. In this case Average 
load is the averaged power demand for each hour from the system. 
Scaled Average loads (kW) - The average load is scaled by the factor of 1. As by scaling the data 
the impact of changing wind resource on the system can be analysed even though it will not change 
the pattern of data (11). 
 Average wind speed (m/s) - Average wind speed is also collected for the given duration. Wind 
speed is the rate of movement of wind in distance per unit time. It can be measured in knots or 
nautical miles per hour (Km/h, m/s etc.)  
24 | P a g e  
 
Scaled average wind speed (m/s) - Similar to the “Scaled Average loads”, the scaling factor is set 
to 1. The scaling factor can be used to rescale the recorded wind data at a particular height above the 
ground to a height that matches the proposed WT hub height. The most common way to measure 
wind speed is to use an anemometer. 
Available wind farm output (kW) - Available Wind farm output, as the name suggests, is the 
power output of a wind turbine can generate. It depends on the rotor size, how fast the wind moves 
through the rotor and also on the wind turbine power curve equation. (12) 
In order to calculate the power and energy generated by a wind turbine, a plot showing WT power 
output verses steady wind i.e. a power curve is drawn. Every wind turbine type has its own individual 
power curve. The shape and size of the power curve is determined by the speed of rotation, optimum 
top speed, the cut-in wind speed, cut-out wind speed and rated output wind speed. Figure 2 below is 
the power curve of a wind turbine Enercon E-30. 
 
Figure 2 – Power Curve of Enercon E-30 wind turbine 
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The three main terminologies in the power curve are explained as below:-  
 Cut-in speed – Cut-in wind speed is the wind speed when there is just sufficient wind power 
to start generating electrical power. The cut-in wind speed of a wind turbine relies upon the 
design of the blades, gears in the drive shaft and if the generator rotates freely (no cogging). 
Despite of the insufficient torque at lower wind speeds, as the wind speed increases, the 
generator shaft starts rotating and produces power from the system. Usually the cut in speed 
of the wind-turbine is between 3 to 4 m/s. (13) 
 Maximum Power output - When the wind turbine blades starts rotating fast with enough force 
then, the wind turbine will start generating electricity. Despite of the rising wind speed, power 
output reaches the limit between 13-18 m/s at which the generator is efficient of and starts 
generating approximately constant power output (kW). Therefore, the maximum amount of 
power generated is known as rated power output. The wind speed at which the WT reaches its 
rated power output is known as Rated output wind speed. 
The “Rated output wind speed” changes according to the different designs of wind turbines. 
Above “Rated output wind speed” is implemented so that power generated is held at a 
constant level by modifying the angles of the blades of the wind turbine to spill wind energy. 
 Cut-out speed - Cut-out wind speed is the wind speed at which the motor stands still because 
of the breaking system, i.e. when the speed of the wind keeps on increasing above the 
maximum power output of the wind turbine, it gets risky to operate after some time as it can 
damage the rotor. In simpler words, cut-out wind speed is the wind speed above which the 
wind turbine will stop to avoid damage to the machine. Aerodynamic braking by pitching the 
blades is usually employed to stop a wind turbine.. Traditionally the cut-out speed of the wind 
turbine is 25 m/s. 
Traditionally the power output of any wind turbine changes with the wind turbine power curve and 
wind speed. 
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The power curve equation is calculated from the line of best fit from the graph which can be seen in 
Figure 3. 
 
Figure 3 – Power curve equation for Enercon E-30 Wind turbine 
The energy produced by a wind turbine over a period (e.g. 1 hour)  is a function of its power curve 
and the wind speed distribution curve which can be obtained by the ‘average wind speed’ (m/s) over 1 
hour ( hourly) or each 10min and its standard deviation (m/s), if available. 
To assess wind energy production, a probability distribution modelling is expected to achieve more 
accurate estimations. This will be further discussed in Chapter-5 Methods. 
 
Potential wind penetration - Potential wind penetration is the amount of wind power that the 
wind turbine(s) are capable of producing compared to the total average loads (available generation 
capacity). Wind penetration typically does not have any specific required level. It mainly relies upon 
the design of the power system, consumer demand, wind resource and many other factors related to 
diesel engine performance and if energy storage is included. 
y = 1.7021x6 - 89.445x5 + 1804.4x4 - 17957x3 + 96288x2 - 256495x + 
264840 
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Minimum required online diesel capacity (kW) -It equals to the average scaled load added to 
the minimum diesel reserve above load less the percentage of the wind farm not covered by spinning 
reserve. Extra diesel generator start-up capacity is required when restarting a diesel power system to 
provide extra step load capacitor it pickup feeder loads as they are progressively switched on. (12) 
In the spread sheet, the minimum diesel reserve above the loads is 30kW. This is done to allow for 
load changes i.e. increasing in the load before an extra diesel generator can be brought on-line. 
Spinning reserve is the unused generation capacity which can be accessed if there is disruption of the 
power supply on decision of the system operator. Typically, it is provided by the devices that are 
synchronized with the power grid and able to affect its active power. In the Excel spread sheet, the 
spinning reserve is 100%. 
Number of diesels on-line - As the name suggests, these are the number of diesel generators on-
line i.e. in use during the particular duration to provide the required minimum diesel capacity (kW). It 
is calculated by dividing the minimum required on-line diesel capacity by the maximum diesel 
loading as a percentage times the power rating given by the manufacturer i.e. 
                        
  
                                        
                                                          
 
Equation 4 
As the maximum diesel loading is 100%, it is essential to understand that apart from engine-based 
considerations, generator characteristics should also be considered, e.g. the temperature rise of each 
generator for the operating hours, the load of the generator set package. Although, due to no wind 
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circumstances it will operate as a diesel only (DO) system, for that reason the generator set should be 
capable of generating power for a period of time. Therefore, the maximum diesel loading is assumed 
to reliable below 90% of its rated output. (14) 
For example, with the prime power rating of 255kW of generator, to produce 508kW of diesel 
capacity, 3 DGs are in use i.e. 
                         
     
         
        
As the count of generators only is a whole number, therefore instead of 2.21, it is rounded up to 3. 
In the spread sheet to round the decimal numbers, “ROUNDUP” function has been used. (15) 
Furthermore, DGs will turn on and off to meet the load and the requirements for the particular periods 
of time. 
Minimum Diesel Loading (kW) - It is the product of the number of diesel generators on-line 
multiplied by the DG power rating (kW) supplied by the manufacturer and the minimum required 
percentage loading.  
The minimum diesel load is the percentage of the generators rated capacity. It will not shut down the 
diesel generator but it prevents it from operating at too low a load. (16) 
Typically, DG manufacturers recommend a minimum of 30-35% load to avoid “wet stacking”. Wet 
stacking happens in a DG when the diesel engine operates at very low operating load for an extended 
period. If the DG has been operating at low loads for a long period of time, the unburnt fuel (carbon) 
may accumulate on the cylinder walls resulting in bore glazing (polishing) and poor sealing by the 
position rings. (17) 
In some circumstances, when the generator operates at about 25% of its full rated capacity, there is a 
high chance of causing corrosion, shortening of lifetime or increase its maintenance cost.  
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Equation 5 
For example, if then number of DGs on-line is 3, the assumed Min. required percentage loading is 
35% and the power rating of the DG is 255kW, then 
                                              
Total step load response of on-line diesels - In simple words, it is the largest load step which 
on-line diesels can pick up without their speed (RPM) or output voltage declining unacceptably. It 
equals to the product of the number of DGs on-line multiplied by the diesel percentage step load and 
the prime power rating of the DG in kW. 
                                            
                                              
                       
Equation 6 
For example, if the number of DG on-line is 3, the diesel step load response = 50 % and the power 
rating of DG is 255kW, then 
                                      
Wind output, allowing for diesel minimum & Step loads - The available wind output in each 
time period (1 hour etc.) may need to be curtailed to maintain diesel loadings at or above the 
minimum diesel loading or to limit the wind output to within the step load response of the DGs. Given 
below are the equations used: 
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i.e. 
 if, total step load response  > scaled average loads (kW) -  minimum diesel loading (kW) 
 if, scaled average loads (kW) - minimum diesel loading (kW) > available wind farm output    
                       then wind output = available wind farm output                                                                            
                       else wind output = scaled average loads (kW) - minimum diesel loading (kW) 
 if, total step load response > available wind farm output          
          then wind output =  available wind farm output   
          else  wind output = total step load response. 
       
Diesel Output (kW) - Diesel output is the balance of scaled averaged loads (kW) which is not 
supplied by the wind output (kW), i.e. 
                                                             
Equation 7 
 
Percentage loading of each diesel - Percentage loading of each diesel depicts by how much the 
wind power input is off-loading the diesel generators. It is determined by the following equations: 
                            
                 
               
                      
 
Equation 8 
Diesel fuel used by on-line diesels in l/hr - It is the total amount of diesel used by on-diesel 
generators in an hour.   
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Equation 9 
The load fuel consumption (l/hr) and full load fuel consumption (l/hr) values are derived from the 
DGs fuel curve.  
Diesel generator efficiency in kWh/litre - DG efficiency is calculated by dividing the diesel 
output (kW) by the Diesel fuel used by the on-line DG (l/hr). 
                       
                
                       
 
Equation 10 
Wind penetration of load (%) - It calculates the percentage of the annual electrical load that has 
been supplied to the wind farm. 
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Chapter 5. About the Existing Economics Spreadsheet 
 
The primary incentive behind the economic analysis is to find the economic strengths and weaknesses 
of the system i.e. determining the monetary outcomes and if these outcomes will affect the community 
or a region. Moreover, it helps decision makers to understand the impact of the resources management 
decisions.  
Economic analysis is done taking into account the life time of the system, that is, the costs and 
revenues related to the system over its lifetime, while considering the value of money. 
In the WDS, the main aim of the economic analysis is to quantitatively determine the net present 
value (NPV) of any fuel savings offset by the capital cost and low operating cost of the wind farm. (4) 
Following are the features of the Wind-Diesel Economic spread sheet: 
Consumer price index- “Consumer price index (CPI) is a measure of the average change over the 
time in prices paid by the consumers for a market basket of consumer goods and services.” (18) 
It is basically an economic indicator. To evaluate the CPI, its calculation is very difficult. It is one of 
the vital indicators of the economy and is dependent on the weighted cost of goods and services that 
are consumed.  Many classes and sub-classes have been made by categorising the items which are 
consumed and also based on the consumer’s classification i.e. rural or urban. With the help of these 
established categories and sub-classes, the ultimate value of CPI is determined by the national 
statistical agency. (19) 
 
CPI values do change over time as they depends on the consumer buying products or shifts in the 
population distribution. (20) 
CPI escalator- CPI Escalator refers to the escalation of costs of household goods or business 
supplies over time i.e. it is the change of the base payment by the percentage change in the level of the 
CPI between the reference period and subsequent time periods.  
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To calculate the escalation of CPI, the following steps should be followed: 
 Note the Current CPI of the product. 
 Subtract the CPI of the previous period from the CPI of the current period. 
 Divide by the CPI of the previous period.  
 To find the percentage, multiply the escalation rate by 100. 
(21) 
                     
                                     
                   
     
Equation 12 
Discount rate – The discount rate is an interest rate used to discount a stream of cash flow i.e. 
future values into the present when considering the time value of money. It not only depends on the 
value of money at that time but also on the uncertainty of any cash flows in future i.e. more the 
uncertainty of the future cash flow, more will be the discount rate.   (22) 
Discount factor- It takes a future amount of money and determines what that money is presently 
worth. It is easily calculated by using the formula:  
                                                              
 
      
                 
Equation 13 
Where, r is the discount rate and t is the amount of years. (23) 
Company tax rate – Company tax rate is the percentage of an organisation’s taxable net profit that 
must be paid as a tax.  For most countries, the tax calculation varies depending upon the company’s 
location. In Australia, it is 30%. (24) 
 
Cost of 1 kL of diesel – It is the delivered cost of one kilolitre of diesel fuel used by the DGs.  
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Value of LGCs in dollars per MWh – A LGC is an acronym for Large Scale generation 
Certificate is created for every 1 MWh of renewable electricity generation. LGC’s are exchanged for 
cash with their value changing according to the market conditions. It is assumed that the value of 
LGC increase over the year according to the CPI Escalator value. (10) 
COST SAVINGS 
Diesel fuel saved (kL) - It is the additional amount of diesel fuel that would have been used if the 
wind turbine had not been used to generate electricity within the WDS system.  
Diesel cost savings - Diesel cost savings is the amount of diesel fuel saved multiplied by cost of 
1kL of diesel. 
Total cost savings ($): It is the sum of all the saved money. 
Discounted Cost Savings: Discounted cost savings is the discounted value i.e. converting future 
value of cost savings discounted back to the present cost savings.  
CAPITAL EXPENDITURE  
Capital expenditure is the total amount that is spent to acquire or improve a long term assets such as 
equipment or buildings. (25) 
It includes the installation cost of the WTG, enhancements to the power station’s automation and 
SCADA and other capital expenditure costs.  
In the spread sheet, an E-30 wind turbine has been used, so the installed cost is approximately $ 1 m 
(AUD). The lifetime of the WTG has been assumed to be 20 years and its annual maintenance costs 
are estimated to be $25,000 which has been calculated from the About the Existing Economics 
Spreadsheet. 
The additional costs of integrating the selected WTG into the power system are: $130,000 for 
connection to the location’s medium voltage network; $100,000 for radio control of the WTG from 
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the power station and$100,000 for the additional cost of more complex station automation and 
SCADA systems to incorporate WTG visualisation and control (e.g. power limiting to maintain 
minimum diesel loading requirements).  
 
Then the NPV and IRR (Internal rate of return) values (pre-tax and post-tax) costs can be calculated 
as follows. 
Internal Rate of return Method (IRR)  
IRR is the interest rate at which the discounted value of cash inflows is equal to the present value of 
cash outflows. In simpler words, when the NPV is equal to zero. (26) 
Merits of IRR Method- 
 It takes into account all cash inflows and outflows occurring over the entire life time of the 
project. 
 
Disadvantages of IRR Method - 
(i) Calculation of IRR involves tedious calculations. 
(ii) Sometimes, this method produces more than one IRR. In such a case, it becomes difficult to 
accept or reject the proposal. 
(iii) It is assumed under the IRR method that all cash inflows to the project are reinvested at the 
IRR rate. This assumption is not valid. 
 
Net Present Value (NPV) Method 
This method measures the present value of net returns from an investment. In simpler words, NPV is 
the difference of the present values of cash outflow and cash inflow. (26) 
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Equation 14  
Accept-Reject Criteria: Following is a simple idea which is used to accept or reject a project i.e. A 
project is only viable if its NPV is greater than (or occasionally) equal to zero”. (26) 
 
Merits of NPV method: 
 Future value of capital is taken into consideration 
 Full life time of the project is taken into consideration 
 Wealth Maximisation objective is achieved 
 
Disadvantages of NPV: 
 Difficult to Understand and Implement. 
 Difficulty in fixing the required rate of return. 
 In case of two projects with unequal initial investment, this method may not be the best option 
to calculate the result.  
 In case of two projects with very different lives, this method may not give satisfactory results. 
 
ADDITIONAL REVENUE 
To investigate all the possible financial benefits, available the AGO 50% RRPGP rebate is also 
included. The AGO rebate is equal to 50% of the capital cost of energy generated from the renewable 
sources and this is paid in instalments throughout the project construction and is treated as calculable 
income for tax purposes.  Although this RRPGP rebate has not been available for many years, solar 
subsidy, ARENA and REC’s are still available. 
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TAX EFFECT 
 Tax is the monetary charge levied by the government on tax payers. For the WTG, fuel cost savings 
reduce the dollar amount of tax deductions that can be claimed.  In the spread sheet, straight-line 
depreciation at 5% per annum of the plant cost over twenty years has been programmed. One can 
alternatively elect to depreciate the WTG (including installation costs) and control/SCADA 
equipment using the declining balance method. This method will leave a non-zero depreciated value 
at the end of the project life (twenty years). The remaining depreciated value can be included as a tax 
deduction in the final year of the project, when it is to be decommissioned. The declining balance 
depreciation rate is 7.5 % per annum which is 50% higher than the applicable straight-line 
depreciation rates.  
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Chapter 6. Methods  
 
The primary objective of this thesis is the refinement of an existing WDS simulation tool file by 
deriving more precise wind energy predictions and updating the components pertaining to system 
economics.  
Comparative analysis of both 1 hour and 10 minute derived wind speed and system load data with the 
respective base case will be covered in Chapter 7- Discussion.  
 
6.1 Design modification of Spread sheet 
 
As mentioned earlier in the “About the Existing Excel Spread Sheet” section, the energy generated by 
a WDS is the sum of the energy generated by the WTs and DGs system. The energy available from 
the WT is derived from its WT power curve and the wind speed distribution curve. 
To get more accurate results for wind energy production, probability distribution modelling is an 
important step when utilising S.D. data. Therefore, to assess the wind energy, alternative cases have 
been studied i.e. hourly averaged values with S.D and 10 minutes averaged values without S.D i.e. 
impact on wind energy production through the use of higher resolution of data. 
6.1.1 Probability Density Function 
 
The distribution function which is commonly used to model the long term variations in wind speed is 
the Weibull Distribution ,as it is flexible i.e. it can model data which is left-skewed, right-skewed or 
symmetrical and that is why it can be used to estimate the consistency of many applications. Due to 
the heaviness of the tails i.e. on the extreme tails region, Weibull distribution model is not a good 
choice to represent the wind speed distribution over comparatively short period e.g. 1 hour.  If the 
distribution is looked at over a year, then the Weibull probability distribution function is 
recommended.  (15) (27) 
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However, since this calculation is not over a year i.e. the variation of wind speed is within an hour, so, 
the Normal Distribution which is also symmetric and bell-shaped is used.  
Normal distributions can be defined by two parameters i.e. standard deviation (σ) and mean (µ). Its 
probability density function is:  
                        
      
 
 √  
 
      
                
Equation 15 
where, x is the continuous variable and    is known as the Variance. 
 
The standard deviation (σ) determines the shape of the curve i.e. when σ increases, the width of the 
distribution curve also increases and its height decreases due to the scaling term i.e. 
 
 √  
   which can 
be seen in Figure 4: 




Figure 4- Effects of Standard deviation on the Normal distribution plot 
 
 
To plot the normal distribution function chart, one data point was selected over a period of one hour; 
i.e. when σ= 1.11 m/s and µ = 12.66 m/s (Figure 5). 
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Figure 5-Normal distribution curve when σ= 1.11 m/s and µ = 12.66 m/s 
 
The normal curve in Figure 5 shows that within the specific hour, there is 68% probability that the 
wind speed is between 11.56 m/s and 13.77 m/s. This range has been calculated as the Upper limit 
value and Lower limit value, in order to get the value of x.  (28) (29) 
In the above case, put the x value, from 1 S.D below to the mean and 1 S.D above the mean. This is 
because 68% of the distribution lies within the one S.D. of the mean.  
That is, the Upper limit value = 12.66 + 1(1.11) = 13.77 m/s  
Lower limit value = 12.66-1 (1.11) = 11.56 m/s.  
 
The f(x) values can also be derived from the built-in function in Excel i.e. NORMDIST(x ,µ, σ, 
cumulative) ,where cumulative can be a logical value, True and False  or 0 and 1.If the cumulative 
value is 0 then the height of the curve is estimated whereas when the value is 1, then the area to the 
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 But in this project, the x values are not specified i.e. the value we want the distribution for is not 
given; therefore the built-in function in Excel cannot be used. Moreover, the standard Excel program 
can’t do integration in order to calculate the energy generated.  
 
Similarly, using Equation 15, the f(x) is computed for every hour as S.D values are known, because 
the probability of the variable, in this case wind speed, falls within a particular range of values whose 
probability is determined by the wind speed’s probability density function.  
The x values are assumed to be an array of values between zero m/s and cut-out speed (which is 
25m/s in the Excel spread sheet used as the cut-out speed for WT Enercon E-30 is 25 m/s). The 
normal distribution values are estimated for each array for every hour. An array of 125 values of 0.2 
m/s increments has been chosen because the usually power output of wind turbines is maintained until 
the cut-out speed (25m/s) is reached. (30) 
 
Later, the energy is calculated based on the probability values according to the equation below: 
∫           
               
      
    
 ∫                                               
       
               
                   
Equation 16 
where: 
Cut-in speed = 3m/s  
Cut-out speed= 25 m/s 
P1(x) the polynomial equation derived from the power curve of the WT EnerconE-30: 
 
       =                                                           
 
and P2(x) = Constant for x  rated output wind speed. 
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6.1.2 f value for 1 hour with standard deviation 
 
Numerical Integration has been chosen to evaluate the available wind farm output energy (kWh) over 
each hour. If 1m/sec wind speed increments are used in approximating the area under f(x), where f(x) 
is the product of the normal distribution and power curve polynomial, then the summation of all of the 
1m/sec wide rectangle areas will give the right approximate answer (wind energy for the hour). If 
0.2m/sec wind speed increments are applied, then the summation would need to be divided by 5 to 
produce what would then be a more precise approximation. For 0.1m/sec wind speed increments the 
summation would need to be divided by 10, etc. The smaller the increment, the more accurate is the 
approximation.  
 
For the updated spread sheet, 0.2m/s wind speed increments were used in the numerical integration of 
the product i.e. wind energy at a certain wind speed multiplied by the probability of being at that wind 
speed. 
 
The farm output or the energy generated of 10 minute average wind speed data is to be compared with 
the equivalent 1 hour average wind speed data  (derived from 10 minute averaged) to see what are the 
differences.  
 
6.1.3 Diesel Generators Minimum Run time 
 
The other pivotal aspect of the spread sheet is the DG minimum running time. Before, refining the 
Excel program to work with 10 minute average wind speed and load data, the DG would switch on 
and off after 10 minutes, which is not happen in the commercial systems. To overcome this problem, 
a Visual Basic for Application (VBA) program has been used. It is a programming language which 
sits behind the Microsoft Access Interface. It provides forms-based user interfaces and also user 
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friendly and a reliable way of entering the data or performing any complex analysis. (31) Moreover, it 
is already built into Microsoft Excel which is an advantage.  
With the help of VBA software, a program has been written so that DGs would run at least for 30 
minutes after switching on. This is done in order to avoid an excessive number of DG starts and stops. 
Finally, to make it more flexible, a cell was created where the minimum number of operating hours 
can be specified. 
6.1.4 Calculation of difference 
 
For refinements to the WDS simulation tool, calculations of differences resulting from the 
refinements are necessary to determine the value of the refinements. 
 After computing the energy generated from Equation 16, then the Difference has been calculated for 
the two cases i.e.: 
Case 1- Hourly data with S.D and hourly data without S.D  
            Difference = Hourly data with S.D – Hourly data without S.D 
Case 2- 10 minutes data and hourly data derived from averaging 10 minute data 
               Difference = 10 minutes data – Hourly data averaged from 10 minute data 
The derived graphs can be seen in the Chapter 6- Results and Analysis. 
6.1.5 Comparison with another software (HOMER) 
 
In the following HOMER simulation tool, the system that is used in the comparison of the energy 
results calculated in Excel is a WDS. The main elements of the system which are proposed for 
HOMER are: 
  1 x Enercon E-30 WT i.e. Primary Renewable Source 
 6 x 255 kW DG i.e. Standby Secondary Non-Renewable Source 
 Load profile 
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 HOMER assumes the system’s lifetime to be 25 years 
The HOMER software is used to determine the best optimal size for the system. The system has been 
divided into two cases represented in Figure 6; 
 Case 1- 1 hour data 
 Case 2- 10 minutes data 
 






Case -2  Case -1  
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6.2 System Inputs 
 
6.2.1 Wind resource  
The wind data has been imported to HOMER using a time step of 60 minutes for Case-01 and 10 
minutes for Case -2, which is introduced in the Excel spread sheet (Appendix A& Appendix B). The 
wind speeds are recorded at the height of 26 m and the annual average wind speed for Case -1 is 8.74 
m/s Figure 7 and for Case-2, the average wind speed for 2 months if wind data is 1.37 m/s represented 
in Figure 8. 
 
Figure 7 – HOMER wind resource used in the simulation for Case -1 
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Figure 8- HOMER wind resource used in the simulation for Case -2  
Primary Load – The load data used in the HOMER is taken from the Load for 1 year and 2 months, 
which has been imported from an Excel spread sheet (Appendix A & Appendix B). Before, importing 
the data, there was confusion whether HOMER would import all 8760 data points ( Hourly data for 1 
year) and 1463 data points (10 minutes data for 2 months averaged to hourly data) or not. If it did, it 
could only display the loads for every hour for every month. Later, when the loads are compared, it 
became clear that the loads introduced in the software are same as that in the spread sheet because, the 
scale annual average daily load in both the tools for Case-1 is 12482 kWh/day, whereas for Case -2 is 
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Figure 9- HOMER demand data used in the simulation for Case -1 
 
Figure 10- HOMER demand data used in the simulation for Case -2 
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6.2.2 Wind Turbine 
 For both the cases i.e. Case-1 and Case-2, the ENERCON E-30 WT has been chosen. HOMER has 
been directed to use 1 WT. The lifetime of the WT has been assumed to be 25 years and the hub 
height of 25 m. Figure 11 and Figure 12 shows the Wind turbine type and its power curve.  
 
 
Figure 11 – Wind Turbine Type 
50 | P a g e  
 
 














51 | P a g e  
 
6.2.3 Diesel Generator 
 
For this system, DG are considered to be 6 in quantity i.e. 6 number of DGs , acquired from the Excel 
spread sheet (Appendix A & Appendix B) having 255 kW as the maximum power capacity and the 
same diesel efficiency curve. Figure 13 and Figure 14 indicates the features of the DG and its 
efficiency curve.  
 
 
Figure 13 – Diesel generator Inputs 
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Chapter 7. Results and Analysis 
 
The Excel data is a time-based simulation program which is flexible and also user friendly which is 
particularly aimed at replicating the proposed operations of the wind diesel system. Use of a statistical 
approach, i.e. using the standard deviation of the hourly average wind speeds to calculate the available 
wind energy increase the accuracy of the simulation. Moreover, the precision of the results also 
increases substantially if the variation of the wind power within the time span is taken into account. 
For every simulation time interval i.e. 1 hour and 10 minutes, the power output is modelled from the 
mean wind speed. 
In this chapter, the results obtained from the simulation and analysis performed on the system is 
discussed.  
7.1 Energy calculation for Case -1 and Case -2 
 
Providing the required energy using the least amount of diesel fuel is the main and most important 
purpose of the wind generated within a WDS. When there is no energy storage, the main motive is to 
fulfil the load requirements for a particular location using as much wind energy to directly supply the 
load as possible. 
In the spread sheet, the total load requirement is given to be 4556MWh per year. So, to supply the 
required load DG and WT comes into operation. It can be seen that from the control strategy, the wind 
output and the Diesel output, do match the particular load. (Table 2) 
Total load for an year (MWh) 4555.797287 
Available wind farm output  ( MWh) 1165.26 
Wind output, allowing for diesel min. & step 
loads( MWh) 
1071.223 
Diesel output (reduced by wind input) ( MWh) 3484.574577 
Table 2- Yearly load for the system 
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From table 2 above, it can be seen that the Total Load for a year = Wind output + Diesel output. 
Whereas, the available Wind farm output is the output energy that is derived from the WTG power 
curve polynomial equation and the average wind speed for every hour.  
Two cases have been defined to study the differences in energy generated by the wind farm due to 
refinements in the simulation tool that can utilise wind speed, S.D. data and 10 minute wind speed and 
load data. 
Case 1- Hourly data with S.D. with Base case (without S.D.) 





7.1.1 CASE 1- Hourly data with standard deviation and Base case (without S.D) 
 
Table 3, below shows the different energy output of the two different cases: with S.D and without 
S.D.   















wind input)  
MWh 
3,484.57 3,481.483 
Table 3- Comparison between the energies generated for Case 1 
It can be seen that with the wind farm output obtained with S.D. values is slightly lower than for the 
base case. This is expected to improve accuracy as the definition S.D of any set of data points is an 
exact measure of the amount of dispersion that exists around the mean or the average value. In other 
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terms, it is the spread of the results around their expected value i.e. it gives an idea of ‘how spread 
apart’ the data are. 
 
   √
∑    
 






                          Where,   is the standard deviation and   is the mean value. 
In case of normally distributed probability distribution, the standard deviation    signifies that about 
68 % of the data is inside the interval [  -  ,   + ]. While the range of ±3  will cover 99 %, of the 
total area and ±4  will cover 99.99 % of the entire variability. (32) 
 
 




10 minutes Hourly averaged 




















Table 4- Comparison between the energies generated for Case 1 
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From Table 4, when compared the results of 10 minutes and 1 hourly averaged data from 10 minutes, 
it is noticeable than the results 10 minutes data are slightly different to that for 1 hour averaged data 
and this can be because using a 30 minute minimum diesel run time will reduce the diesel run time 
and will allow more wind energy in the mix i.e. generating more energy via wind.  
From Table 3 and Table 4, it could be easily concluded that the results obtained are almost the same 
in these cases and it verifies that the method used to calculate the energy Chapter  5- Methods ,in both 
the cases are precise i.e. the way of modelling the power curve of the WT by using the wind speed 
and power of the turbine in the Excel spread sheet, the power curve equation used to calculate the 
final energy of the system is the same. 
But, to get better understanding, an analysis of the differences for both the cases has been completed.  
 
7.2 Calculation of difference for Case -1 and Case-2  
 
The ‘Difference’ is an indication of the expected loss of accuracy of using 1 hour averaged wind data 
in lieu of 10 minute averaged wind data or using 1 hour averaged wind data in lieu of 1 hour averaged 
wind data with S.D. data. 
To get a better understanding, after computing the energies (MWh) for the two cases, mentioned 
above, the difference is calculated. 
                                                                            
Equation 18 
 
Difference (kWh) is calculated for the 1 hour time step data and the 10 minutes time step data with 
their respective base cases. 
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7.2.1 CASE 1- Hourly data with standard deviation with Base case (Hourly averaged 
data without S.D) 
 
After the difference (kWh) was calculated, it was plotted against the wind speed (m/s), to determine 
how the difference has been affected by hourly average wind speeds. 
To get an overview of the results, the data points of 8760 (hourly values) over a year has been plotted 
(Figure 15 and Figure 16) 
 
Figure 15-Difference (kWh) vs. Wind speed (m/s) for Case 1 
58 | P a g e  
 
 
Figure 16- S.D vs. Wind speed Chart for Case 1 
 
Figure 17-3D graph of Case 1 
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To provide better understanding, 3-D graph in MATLAB was plotted.  
From the above graphs, it can be noticed that the largest difference of -68 kWh is at the wind speed 
12.92m/s. Similarly, the highest standard deviation of 4.93 m/s is also at a wind speed of 12.92m/s. 
This is because, as discussed above, the S.D indicates how far the wind speeds within the hour deviate 
from the mean wind speed m/s, therefore, higher S.D. values leads to increased difference value for 
the system. In simpler words, the SD helps in understanding how far a sample mean (wind speed) is 
from the true population mean i.e. Hourly data with S.D. energy to the Hourly data without S.D; the 
standard difference helps in understanding how accurate the sample mean ( Hourly data with S.D) is 
in relation to the true mean ( Hourly data without S.D). 
 
 
Figure 18- Case 1 difference vs the wind speed with the normal curve at 12.92 m/s wind speed 
Moreover, the difference is also related to where the wind speed is on the power curve.  From Figure 
18 and Figure 19, it can be noted that the highest difference is at wind speed 12.92 m/s, which is near 
to the rated wind speed of14 m/s (Figure 3). Because it has a S.D of 4.93 m/s, which means it spreads 
60 | P a g e  
 
like shown in Figure 19. It identifies that at 12.92 m/s, higher portion of time is spend getting less 
power than is expected at this wind speed. A wind speed above the rated wind speed (14 m/s) is just 
the same because at 13-14 m/s the W.T reaches its rated wind speed and rated power output i.e. the 











                                                 
Figure 19 – Highlights the normal curve at 12.92 m/s on the difference vs. wind speed chart 
                                                           
  The red dot in between Figure 15 and Figure 16 is the average difference and average S.D.  
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Figure 20- Difference (kWh) vs. Wind speed (m/s) for Case 2 
 
 
Similarly, like Case-1, Case-2 (Figure 20) also follow the same pattern i.e. the largest negative 
difference also occurs when the wind speed averaged over 1 hour is near the rated output wind speed, 
e.g. at a wind speed of 11.43 m/s in Figure 21, the difference is around 42kWh. Therefore, not much 
energy is generated when the wind speed is closer to the rated wind speed as at 13-14 m/s, the curve 
starts to flattening out (Figure 3). Figure 21 is the 3-D graph of this case for a better understanding, 
which is also plotted in MATLAB.  




Figure 21 – 3D graph for Case 2 
 
When comparing the results depicted by both power curves of the wind turbine, it was identified that t 
Figure 15 and Figure 20 justify the design i.e. it resembles the power curve (Assuming the power 
curve is a perfect model).  
 In both the cases described above, there are minute differences between 0-3 m/s because at that 
rotational speed the wind turbine is just starting to operate and no energy has been generated. Soon 
after 3m/s, the difference starts to increase and this is because positive deviations of wind speed 
within the hour above the average wind speed produce a lot more power compared to the reduction in 
power diving negative deviations of wind speed. Between 10-15 m/s, the difference reaches its 
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negative peak. This is because that the WT is operating close to or at its rated speed. Above, 15 m/s 
wind speed, the difference begins to reduce and eventually reaches zero, as there can be no change in 
the output power if the wind varies over the hour within the range from rated output wind speed to 
cut-out wind speed.  (33) 
 
7.3 Homer Simulation results 
 
Figure 22 and Figure 23 show the results for the Case -1 and Figure 24, Figure 25 represents the 
results for Case 2.  
 
Figure 22 – Result for Case-1  
The highlighted line which is achieved after running the simulation in Figure 22 has been used to 
investigate the Case-1 result from Excel spread sheet to that of HOMER results. One of the factors in 
choosing this line is that during the operation in Excel spread sheet, the maximum number of D.G. 
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with 1 WT is 4 over a year, therefore to compare the results same condition ( 4 D.G. + 1 WT) has 
been used. 
 
Figure 23 – Electrical prodcution of the components for Case - 1 
Figure 23 is the detailed result acquired from Figure 22 which later has been compared in Table 5. 
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Figure 24 - Result for Case-2 
After running the simulation, the highlighted line in Figure 24 is the result obtained which later has 
been compared to the detailed result from Figure 25 in Table 6.  
Again, as mentioned for Case-1 (Figure 22), the same reasoning has been used i.e. 1 WT + 4 D.Gs 
over the period of 2 months and then comparison has been done in Table 6.  
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Figure 25– Electrical prodcution of the components for Case - 2 












 (base case) 
HOMER 
             Hourly data 





(reduced by wind 
input)  MWh 
3484.57 3142.2 
Table 5 – Comparison of energies calculated for Case 1 using Homer and Excel  
  
Excel HOMER 
Hourly averaged from 10 minutes 
Load (MWh) 760 764.729 




(reduced by wind 
input)  MWh 
603.044 548 
Table 6 - Comparison of energies calculated for Case 2 using Homer and Excel 
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Figure 26 – Connection of  two points in Excel  
 
Figure 27– Connection of  two points in HOMER 
 
Table 5 and Table 6 indicates the prominent difference between the energy values derived from both 
simulation tools i.e. HOMER and Excel for both cases i.e. Case 1 and Case 2. There is a difference in 
the loads, because of the automatic addition of noise in HOMER. The HOMER and Excel programs 
produce different values and this is because, after simulation, HOMER also performs an optimization 
task, whereas Excel stops after simulating the operation of the wind-diesel system. That means 
HOMER simulates different system configurations in order to satisfy the criteria at the lowest life 
cycle cost i.e. its optimization defines the ideal values over which the designer has control. These are 
the size of the elements, costs and quantities of the elements. (3).  
Assuming there are two points to be connected, Excel joins the two points without configuring more 
cases to satisfy the technical constraints (Figure 26) whereas HOMER doesn’t linearly connect the 
two points ( Figure 27).  
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Similarly, due to the dynamic behaviour of HOMER in both cases (Case-1 & Case-2), the energy 
values derived are different. The other reason which may affect the results is that the proposed control 
strategy cannot be programmed into HOMER; hence one has to be careful when setting up and 
running simulations using HOMER. 
 
This chapter concludes presentation of the various results which are calculated for the cases defined, 
i.e. Case 1 – Hourly wind data with S.D. with hourly wind data without S.D. and CASE 2- 10 minute 
wind data (Higher resolution data) with hourly averaged wind data derived from 10 minute wind data. 
Later, a comparison of results between the HOMER software and the simulation tool used in this 
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Chapter 8.  Discussion 
 
To perform the economic analysis, certain changes have been made so as to keep the spread sheet 
updated in the “wind diesel economic.xls”.   
The aim of “Discussion of Economic analysis” is to explore the vital factors i.e. the costs which affect 
the economics of a WDS: 
8.1 COST PARAMETERS 
 
There are several costs that affect the economics of a WDS: 
 Diesel Generator- The initial cost of Diesel generator varies with its size, manufacturer model 
and design. The relative cost ($/kW) depends on the design (method of cooling) and the rated 
power and generally decreases, as rated power increases. 
 Wind Turbine- Adding one or more WTs to DG will make a significant change in the costs of 
WDS.  Wind turbines are available in many different types, both in term of manufacturing 
process and materials used. WTs require tower constructions and often difficult installation 
procedures. The cost of the control equipment, WT tower and its installation contribute a 
large percentage of the wind turbine capital costs.  
 Control Systems- When assembling the components of the WDS into one system, a 
supervisory control system is necessary. The cost of the supervisory control system will 
depend on the complexity of the WDS and the way it is operated.  
 Fuel- It is the most vital component in the cost analysis. In the rural areas, the fuel costs are 
higher and there is an additional cost for the storage of the fuel. 
 WDS Operating & Maintenance Costs- 
o Wind turbine operating cost: It comprises maintenance and replacement costs. The 
maintenance schedule includes lubrication of certain points on the turbine, visual 
inspection of major components and checking the tightness of the various bolts on the 
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tower and turbine. Typically, maintenance of a system is done after being in operation 
for certain periods of time. The maintenance costs for WTs not only depend on the 
size of WT, but also on its application and type of maintenance required for the WT. 
The Maintenance costs are affected by a WTs age, i.e. they increase as wind turbine 
age increases. However, in the rural areas and in the larger farms, maintenance costs 
can be expensive, at around $0.02-$0.05 per kWh. (4) 
o Diesel Generator Operating Cost: Regular maintenance of the DG is the main factor 
that affects the diesel generator life. It includes: 
 The oil change and filter changes, which are recommended every 250 hour of 
operation. 
 Labour costs 
 Costs of spare parts 
 Hours between minor and major overhauls. A minor overhaul is 
recommended to take place, after being operated for every 6000 hours.  
 Fuel consumption per hour 
 Travel and accommodation costs 
(4)  
 
8.2 UPDATING THE ECONOMICS SPREAD SHEET 
 
After analysing the leading factors mentioned above, the spread sheet has been updated to comply 
with Australian Bureau of Economic data. 
 The CPI percentage has decreased from 3% to 2.6%. Whereas the Company tax rate in 
Australia has been constant at 30%. (24) 
 Recently, the Renewable Energy Certificates (RECs) have been replaced by LGCs (Large-
Scale Generation Certificate). Once, the WTG is registered as a producer of accredited 
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renewable energy with the ‘Clean Energy Regulator’, LGCs are created for each MWh of 
renewable energy generated by the system.  
 
LGCs that are created can be sold at a market price which equals to the value of each LGC in 
dollar per MWh multiplied by the wind generated over the particular year. 
                                                                      
Equation 19 
The value of a LGC during 2013 was around $38.69, per MWh which is assumed to increase 
with the CPI. The income from selling or an exchange of LGCs is also being assessed for tax 
purposes. (10) 
 
 Moreover, the AGO RRPGP rebate is not available since 8.30 am AEST on 22 June 2009. 
and has been replaced by some other rebates e.g. ARENA. (34) 
 
There are many techniques which can be used to assess a WDS economically. There are three 
methods which are used frequently; Payback period, IRR and Levelized cost of Energy. 
1. Payback period - The payback method is the simplest method. This method calculates the 
number of years required to payback the original investment in a project. 
 (35) 
              There are two methods for calculating the Payback Period:  
 First Method: This method is adopted when the project generates equal cash inflows 
each year. In this scenario payback period equals to : 
                                   
                            
                         
 
Equation 20 
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 Second Method: This method is adopted when the project generates unequal cash 
inflows each year. In this method, payback period is calculated by adding all the cash 
inflows till the time it equals to the original investment.  
      
                                         
                                          




Accept-Reject Criteria  
 If  actual payback period < predetermined payback period,  
Then project would be accepted. 
Else project would be rejected. 
 
Merits of the Payback method: 
(i) Simple: The most significant merit of this method is that it is simple to understand and easy to 
calculate. 
(ii) Appropriate for Firms Suffering from Liquidity Problems: This method is very appropriate 
for firms suffering from shortage of cash because emphasis in this method is on quick 
recovery of the original investment. 
(iii) Appropriate in case of Uncertain Conditions: This method is very suitable where the long 
term outlook is extremely uncertain and risky. 
(iv) Importance to Short-Term Earnings: This method is beneficial for firms which lay more 
emphasis on short-term earnings rather than the long-term growth. 
(v) Superior to Accounting Rate of Return (ARR) Method: It is superior to ARR method because 
it is based on cash flow analysis. 
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Disadvantages of Payback method: 
(i) It ignores the cash flows after the Payback period 
(ii) It ignores the time value of money 
(iii) It does not give the accept-reject decision in case of single project 
(iv) It ignores cost of capital  
(35) 
 
2. Levelized cost of Energy - It is the value of energy ($/kWh), which, if kept constant over the 
lifetime of the system, would result in the same NPV. It comprises of all the costs; that is, 
initial capital costs, recurring and non-recurring costs due to operation, maintenance, and the 
fuel costs. 
It is calculated by the formula given in Equation 22; 
               
                    
                           
 
Equation 22 
           where, APP is Annual Power Production (annual energy output). (4)  
        
                                                                                    




3. Internal Rate of Return (IRR) – As mentioned, in the “Chapter 4 – About the Existing 
Economics Spreadsheet”, IRR is the discount rate at which, NPV equals zero. Economically, 
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during the lifetime of the project (calculated by IRR), it is not possible to recover the 
investment, but soon after when the project ends, the investment is recovered entirely.  (26) 
 
Other considerations - During the operational lifetime of the system, some components are 
recommended to be replaced. In some areas like the Arctic or other regions with extreme climates, it 
is suggested that the system should have more regular maintenance or replacement of the components. 
Some manufacturers advise that the blades should be replaced or refurbished at the half lifetime of the 
WT(s). Moreover, the batteries used for storage purposes may have to be replaced at regular intervals. 
These considerations should be included in the financial analysis of the system. (4) 
Given below is the brief section of the methods for assessing the economics for a system: 
 Concept study for the system, i.e. modelling and theoretically studying of the system 
(Figure 28). And these concepts are later compared with each other according to their 
relevance with the system’s required configuration. (4) 
 It is very frequent that the overall economics of the system would change according to the 
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Figure 28 – Iterative assessment of concepts [Illustrated from (4)] 
 
For WDS, the interactive approach towards optimising the economics of the system is assessed 
according to the steps given below (Figure 29): 
 Create or obtain wind and load data. 
 Add other factors that may help in understanding and assessing the present application. 
 Choose the components of the system, which are suitable for the concepts and create one or 
more systems according to the concepts in a preferred way. 
 Analyse the system’s behaviour and also assess the performance of the system in terms of fuel 
savings and power generated by the wind and diesel generators. 
 Evaluate and assess the economics and its parameters (e.g. capital cost) of the system. 
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Figure 29 – Block diagram of the interactive approach [Illustrated from (4)] 
                              
However, the actual economic criterion also depends on the person who will be making the decisions, 
who could be influenced by social and political factors.  
This chapter concludes that an economic analysis should always be done before the beginning of the 
project using a selected costing method for lifetime costs i.e. all the costs that are associated with the 
system over the project’s lifetime, taking into account the value of money. It has also highlighted the 
various factors which influence the economics of a system and has also discussed different types of 
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Chapter 9. Future Works and Recommendations 
 
This sections outlines some of the extensions to the model in the Excel spread sheet that would be 
easy to implement. Following are the recommendations which are stated below: 
 If the S.D. values for the 10 minute data are known, then the benefits of using both shorter 
time intervals (10 minutes) and S.D. data could be evaluated. 
 Similar analysis can be conducted for other sites. 
 For more precise modelling of wind energy output, use smaller wind speed increments of  
0.05 m/s instead of 0.2m/s. 
 It would be beneficial for the development of the WDS, if more simulation tests are carried 
out. By doing this, the assessment of the system would also be unified and later comparison 
could be done with the results attained from the Excel spreadsheet.  
 Do different cases, with different WT(s), different diesel generators and with more than 2 
WTs to see how the results change i.e. the output energy of the system.  
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Chapter 10. Conclusion 
 
This thesis report has presented a proposed wind-diesel hybrid system in the simulation tool (Excel 
spread sheet). The study looked at the implications of introducing higher resolution wind data and 
wind data with standard deviation on the accuracy of various energy calculation methods. The method 
used to handle S.D. data was statistical based, using a normal distribution because of its heaviness of 
the tails i.e. extreme tails regions and as the calculations are focused within an hour, and so normal 
distribution is the best fit to represent the variation of wind speeds. The wind energy for each hour 
using wind data with standard deviation is determined by the product of power curve polynomial 
equation and normal distribution values. To produce an accurate approximation, the wind speed 
increments were chosen to be 0.2 m/s. By reducing the wind speed increments, more accurate 
approximations were obtained. However, for the higher resolution data, the wind energy is calculated 
by using the power curve polynomial equation.  
Finally, the comparison has been done between the cases defined i.e. Case 1 - hourly data with 
standard deviation and hourly data without standard deviation for a year and Case 2- 10 minutes 
(Higher resolution) wind data and hourly data averaged from 10 minutes for 2 months.  
After evaluating the difference (%) of Case-1, it could be determined that the energy produced by the 
data with standard deviation is almost same to that of the energy produced by the data without 
standard deviation. The difference % for Case-1 is around 0.5% which is quite negligible. However, 
for Case-2, when the difference is assessed between the wind energy produced by 10 minutes data to 
that of an hourly averaged data derived from 10 minutes, it is noticed that the percentage difference is 
around 5.6 % for the wind energy output, which is not too significant. Besides, the difference for Case 
2, it is also concluded that the higher resolution data (10 minutes in this thesis) gives more precise 
wind energy output. 
Afterwards the comparison between the Excel spreadsheet and HOMER simulation program was also 
investigated. The simulation in the HOMER software gives slightly different results to those 
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calculated in the Excel. The simulation in Excel is only solving the energy balance equations whereas, 
in HOMER, after performing the energy balance equations, it also investigates the optimum solution 
for the system.  
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Chapter 12. APPENDIX  
12.1  APPENDIX A  
 
Figure 30- Hourly data Excel spreadsheet 
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12.2  APPENDIX B 
 
Figure 32- 10 minutes data Excel spread sheet 
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12.3 APPENDIX C 
 
  
Figure 33- VBA code for Case-2 base case (10 minutes) 
 
 rowc- Value corresponds to the 
difference between the starting 
cell and the last cell of the same 







“K” -The column for which diesel 
calculation is required 
“K8785”- Cell containing the diesel 
generator’s operating duration 
